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Description 

ELECTROPHORETIC PARTICLES, AND 
PROCESSES FOR THE PRODUCTION 

THEREOF 

Cross Reference to Related Applications 

[0001] This application is a continuation-in-part of copending 

Application Serial No. 09/140,846, filed August 28, 1998, 
which in turn claims benefit of (1) Application Serial No. 
60/057,133, filed August 28, 1997; (2) Application Serial 
No. 60/057,716, filed August 28, 1997; (3) Application 
Serial No. 60/057,799, filed August 28, 1997; (4) Applica- 
tion Serial No. 60/057,163, filed August 28, 1997; (5) Ap- 
plication Serial No. 60/057,122, filed August 28, 1997; (6) 
Application Serial No. 60/057,798, filed August 28, 1997; 
(7) U.S.S.N. 60/057,118, filed August 28, 1997; (8) Appli- 
cation Serial No. 60/059,543, filed September 19, 1997; 
(9) Application Serial No. 60/059,358, filed September 19, 
1997; (10) Application Serial No. 60/065,630, filed 
November 18, 1997; (11) Application Serial No. 


60/065,605, filed November 18, 1997; (12) Application 
Serial No. 60/065,629, filed November 18, 1997; (13) Ap- 
plication Serial No. 60/066,147, filed November 19, 1997; 
(14) Application Serial No. 60/066,245, filed November 
20, 1997; (15) Application Serial No. 60/066,246, filed 
November 20, 1997; (16) Application Serial No. 
60/066,115, filed November 21, 1997; (17) Application 
Serial No. 60/066,334, filed November 21, 1997; (18) Ap- 
plication Serial No. 60/066,418, filed November 24, 1997; 
(19) Application Serial No. 60/071,371, filed January 15, 
1998; (20) Application Serial No. 60/070,940, filed Jan- 
uary 9, 1998; (21) Application Serial No. 60/072,390, filed 
January 9, 1998; (22) Application Serial No. 60/070,939, 
filed January 9, 1998; (23) Application Serial No. 
60/070,935, filed January 9, 1998; (24) Application Serial 
No. 60/074,454, filed February 12, 1998; (25) Application 
Serial No. 60/076,955, filed March 5, 1998; (26) Applica- 
tion Serial No. 60/076,959, filed March 5, 1998; (27) Ap- 
plication Serial No. 60/076,957, filed March 5, 1998; (28) 
Application Serial No. 60/076,956, filed March 5, 1998; 
(29) Application Serial No. 60/076,978, filed March 5, 
1998; (30) Application Serial No. 60/078,363, filed March 
18, 1998; (31) Application Serial No. 60/081,374, filed 


April 10, 1998; (32) Application Serial No. 60/081,362, 
filed April 10, 1998; (33) Application Serial No. 
60/083,252, filed April 27, 1998; (34) Application Serial 
No. 60/085,096, filed May 12, 1998; (35) Application Se- 
rial No. 60/090,223, filed June 22, 1998; (36) Application 
Serial No. 60/090,222, filed June 22, 1998; (37) Applica- 
tion Serial No. 60/090,232, filed June 22, 1998; (38) Ap- 
plication Serial No. 60/092,046, filed July 8, 1998; (39) 
Application Serial No. 60/092,050, filed July 8, 1998; (40) 
Application Serial No. 60/092,742, filed July 14, 1998; 
and (41) Application Serial No. 60/093,689, filed July 22, 
1998. This application is also a continuation-in-part of 
copending Application Serial No. 10/063,803, filed May 
15, 2002 (Publication No. 2002/0185378). which itself 
claims benefit of Application Serial No. 60/291,081, filed 
May 15, 2001. Finally, this application claims benefit of 
copending Application Serial No. 60/481,572, filed Octo- 
ber 28, 2003. The entire contents of all the aforemen- 
tioned applications, and of all United States Patents, pub- 
lished applications and copending applications mentioned 

below are herein incorporated by reference. 
Background of Invention 


[0002] This invention relates to electrophoretic particles (i.e., 


particles for use in an electrophoretic medium) and pro- 
cesses for the production of such electrophoretic parti- 
cles. This invention also relates to electrophoretic media 
and displays incorporating such particles. More specifi- 
cally, this invention relates to novel black or dark colored 
electrophoretic particles. 

[0003] Particle-based electrophoretic displays, in which a plural- 
ity of charged particles move through a suspending fluid 
under the influence of an electric field, have been the 
subject of intense research and development for a number 
of years. Such displays can have attributes of good bright- 
ness and contrast, wide viewing angles, state bistability, 
and low power consumption when compared with liquid 
crystal displays. 

[0004] T he terms "bistable" and "bistability" are used herein in 
their conventional meaning in the art to refer to displays 
comprising display elements having first and second dis- 
play states differing in at least one optical property, and 
such that after any given element has been driven, by 
means of an addressing pulse of finite duration, to as- 
sume either its first or second display state, after the ad- 
dressing pulse has terminated, that state will persist for at 
least several times, for example at least four times, the 


minimum duration of the addressing pulse required to 
change the state of the display element. The optical prop- 
erty is typically color perceptible to the human eye, but 
may be another optical property, such as optical trans- 
mission, reflectance, luminescence or, in the case of dis- 
plays intended for machine reading, pseudo-color in the 
sense of a change in reflectance of electromagnetic wave- 
lengths outside the visible range. It is shown in the U.S. 
Published Application No. 2002/0180687 that some par- 
ticle-based electrophoretic displays capable of gray scale 
are stable not only in their extreme black and white states 
but also in their intermediate gray states, and the same is 
true of some other types of electro-optic displays. This 
type of display is properly called "multi-stable" rather 
than bistable, although for convenience the term 
"bistable" may be used herein to cover both bistable and 
multi-stable displays. 

[0005] Nevertheless, problems with the long-term image quality 
of electrophoretic displays have prevented their 
widespread usage. For example, particles that make up 
electrophoretic displays tend to settle, resulting in inade- 
quate service-life for these displays. 

[0006] Numerous patents and applications assigned to or in the 


names of the Massachusetts Institute of Technology (MIT) 
and E Ink Corporation have recently been published de- 
scribing encapsulated electrophoretic media. Such encap- 
sulated media comprise numerous small capsules, each of 
which itself comprises an internal phase containing elec- 
trophoretically-mobile particles suspended in a liquid 
suspension medium, and a capsule wall surrounding the 
internal phase. Typically, the capsules are themselves held 
within a polymeric binder to form a coherent layer posi- 
tioned between two electrodes. Encapsulated media of 
this type are described, for example, in U.S. Patents Nos. 
5,930,026; 5,961,804; 6,017,584; 6,067,185; 6,118,426; 
6,120,588; 6,120,839; 6,124,851; 6,130,773; 6,130,774; 
6,172,798; 6,177,921; 6,232,950; 6,249,721; 6,252,564; 
6,262,706; 6,262,833; 6,300,932; 6,312,304; 6,312,971; 
6,323,989; 6,327,072; 6,376,828; 6,377,387; 6,392,785; 
6,392,786; 6,413,790; 6,422,687; 6,445,374; 6,445,489; 
6,459,418; 6,473,072; 6,480,182; 6,498,114; 6,504,524; 
6,506,438; 6,512,354; 6,515,649; 6,518,949; 6,521,489; 
6,531,997; 6,535,197; 6,538,801; 6,545,291; 6,580,545; 
6,639,578; 6,652,075; 6,657,772; 6,664,944 and 
6,680,725; and U.S. Patent Applications Publication Nos. 
2002/0019081; 2002/0021270; 2002/0053900; 


2002/0060321 
2002/0090980 
2002/0130832 
2002/0171910 
2002/0185378 
2003/0020844 
2003/0038755 
2003/0096113 
2003/0137521 
2003/0189749 
2003/0222315 


2002/0063661 
2002/0106847 
2002/0131147 
2002/0180687 
2003/0011560 
2003/0025855 
2003/0053189 
2003/0102858 
2003/0137717 


2002/0063677; 
2002/0113770; 
2002/0145792; 
2002/0180688; 
2003/0011868; 
2003/0034949; 
2003/0076573; 
2003/0132908; 
2003/0151702; 
2003/0214697 and 


2003/0214695; 

and International Applications Publication 
Nos. WO 99/67678; WO 00/05704; WO 00/38000; WO 
00/38001; WO 00/36560; WO 00/67110; WO 00/67327; 
WO 01/07961; WO 01/08241; and WO 03/104884. 
[0007] Known electrophoretic media, both encapsulated and un- 
encapsulated, can be divided into two main types, referred 
to hereinafter for convenience as "single particle" and 
"dual particle" respectively. A single particle medium has 
only a single type of electrophoretic particle suspended in 
a suspending medium, at least one optical characteristic 
of which differs from that of the particles. (In referring to 
a single type of particle, we do not imply that all particles 
of the type are absolutely identical. For example, provided 


that all particles of the type possess substantially the 
same optical characteristic and a charge of the same po- 
larity, considerable variation in parameters such as parti- 
cle size and electrophoretic mobility can be tolerated 
without affecting the utility of the medium.) When such a 
medium is placed between a pair of electrodes, at least 
one of which is transparent, depending upon the relative 
potentials of the two electrodes, the medium can display 
the optical characteristic of the particles (when the parti- 
cles are adjacent the electrode closer to the observer, 
hereinafter called the "front" electrode) or the optical 
characteristic of the suspending medium (when the parti- 
cles are adjacent the electrode remote from the observer, 
hereinafter called the "rear" electrode (so that the particles 
are hidden by the suspending medium). 
[0008] a dual particle medium has two different types of particles 
differing in at least one optical characteristic and a sus- 
pending fluid which may be uncolored or colored, but 
which is typically uncolored. The two types of particles 
differ in electrophoretic mobility; this difference in mobil- 
ity may be in polarity (this type may hereinafter be re- 
ferred to as an "opposite charge dual particle" medium) 
and/or magnitude. When such a dual particle medium is 


placed between the aforementioned pair of electrodes, 
depending upon the relative potentials of the two elec- 
trodes, the medium can display the optical characteristic 
of either set of particles, although the exact manner in 
which this is achieved differs depending upon whether the 
difference in mobility is in polarity or only in magnitude. 
For ease of illustration, consider an electrophoretic 
medium in which one type of particles is black and the 
other type white. If the two types of particles differ in po- 
larity (if, for example, the black particles are positively 
charged and the white particles negatively charged), the 
particles will be attracted to the two different electrodes, 
so that if, for example, the front electrode is negative rel- 
ative to the rear electrode, the black particles will be at- 
tracted to the front electrode and the white particles to 
the rear electrode, so that the medium will appear black 
to the observer. Conversely, if the front electrode is posi- 
tive relative to the rear electrode, the white particles will 
be attracted to the front electrode and the black particles 
to the rear electrode, so that the medium will appear 
white to the observer. 
[0009] if the two types of particles have charges of the same po- 
larity, but differ in electrophoretic mobility (this type of 


medium may hereinafter to referred to as a "same polarity 
dual particle" medium), both types of particles will be at- 
tracted to the same electrode, but one type will reach the 
electrode before the other, so that the type facing the ob- 
server differs depending upon the electrode to which the 
particles are attracted. For example suppose the previous 
illustration is modified so that both the black and white 
particles are positively charged, but the black particles 
have the higher electrophoretic mobility. If now the front 
electrode is negative relative to the rear electrode, both 
the black and white particles will be attracted to the front 
electrode, but the black particles, because of their higher 
mobility will reach it first, so that a layer of black particles 
will coat the front electrode and the medium will appear 
black to the observer. Conversely, if the front electrode is 
positive relative to the rear electrode, both the black and 
white particles will be attracted to the rear electrode, but 
the black particles, because of their higher mobility will 
reach it first, so that a layer of black particles will coat the 
rear electrode, leaving a layer of white particles remote 
from the rear electrode and facing the observer, so that 
the medium will appear white to the observer: note that 
this type of dual particle medium requires that the sus- 


pending fluid be sufficiently transparent to allow the layer 
of white particles remote from the rear electrode to be 
readily visible to the observer. Typically, the suspending 
fluid in such a display is not colored at all, but some color 
may be incorporated for the purpose of correcting any 
undesirable tint in the white particles seen therethrough. 

[0010] B 0 th single and dual particle electrophoretic displays may 
be capable of intermediate gray states having optical 
characteristics intermediate the two extreme optical states 
already described. 

[° 011 ] Some of the aforementioned patents and published appli- 
cations disclose encapsulated electrophoretic media hav- 
ing three or more different types of particles within each 
capsule. For purposes of the present application, such 
multi-particle media are regarded as sub-species of dual 
particle media. 

[0012] Also, many of the aforementioned patents and applica- 
tions recognize that the walls surrounding the discrete 
microcapsules in an encapsulated electrophoretic medium 
could be replaced by a continuous phase, thus producing 
a so-called polymer-dispersed electrophoretic display, in 
which the electrophoretic medium comprises a plurality of 
discrete droplets of an electrophoretic fluid and a contin- 


uous phase of a polymeric material, and that the discrete 
droplets of electrophoretic fluid within such a polymer- 
dispersed electrophoretic display may be regarded as 
capsules or microcapsules even though no discrete cap- 
sule membrane is associated with each individual droplet; 
see for example, the aforementioned 2002/0131147. Ac- 
cordingly, for purposes of the present application, such 
polymer-dispersed electrophoretic media are regarded as 
sub-species of encapsulated electrophoretic media. 

[0013] a related type of electrophoretic display is a so-called "mi- 
crocell electrophoretic display". In a microcell elec- 
trophoretic display, the charged particles and the sus- 
pending fluid are not encapsulated within microcapsules 
but instead are retained within a plurality of cavities 
formed within a carrier medium, typically a polymeric film. 
See, for example, International Application Publication No. 
WO 02/01281, and published US Application No. 
2002/0075556, both assigned to Sipix Imaging, Inc. 

[0014] Although electrophoretic media are often opaque (since, 
for example, in many electrophoretic media, the particles 
substantially block transmission of visible light through 
the display) and operate in a reflective mode, many elec- 
trophoretic displays can be made to operate in a so-called 


"shutter mode" in which one display state is substantially 
opaque and one is light-transmissive. See, for example, 
the aforementioned U.S. Patents Nos. 6,130,774 and 
6,172,798, and U.S. Patents Nos. 5,872,552; 6,144,361; 
6,271,823; 6,225,971; and 6,184,856. Dielectrophoretic 
displays, which are similar to electrophoretic displays but 
rely upon variations in electric field strength, can operate 
in a similar mode; see U.S. Patent No. 4,418,346. 
[0015] An encapsulated or microcell electrophoretic display typi- 
cally does not suffer from the clustering and settling fail- 
ure mode of traditional electrophoretic devices and pro- 
vides further advantages, such as the ability to print or 
coat the display on a wide variety of flexible and rigid 
substrates. (Use of the word "printing" is intended to in- 
clude all forms of printing and coating, including, but 
without limitation: pre-metered coatings such as patch 
die coating, slot or extrusion coating, slide or cascade 
coating, curtain coating; roll coating such as knife over 
roll coating, forward and reverse roll coating; gravure 
coating; dip coating; spray coating; meniscus coating; 
spin coating; brush coating; air knife coating; silk screen 
printing processes; electrostatic printing processes; ther- 
mal printing processes; ink jet printing processes; and 


other similar techniques.) Thus, the resulting display can 
be flexible. Further, because the display medium can be 
printed (using a variety of methods), the display itself can 
be made inexpensively. 

[0016] However, the electro-optical properties of encapsulated 
electrophoretic displays could still be improved.. Among 
the remaining problems of encapsulated electrophoretic 
displays are so-called "rapid white state degradation", a 
relatively rapid decline in the reflectivity of the white opti- 
cal state of the display during the first few days of opera- 
tion. Another problem, which is discussed in detail in the 
aforementioned 2003/0137521 and WO 03/107315, is 
so-called "dwell state dependency", which causes the 
change in optical state of an electrophoretic medium pro- 
duced by a specific waveform to vary depending upon the 
time for which the electrophoretic medium has been in a 
particular optical state before the waveform is applied. Fi- 
nally, it is advisable to make the white optical state of the 
display whiter and the black optical state darker. 

[0017] a s discussed in the aforementioned E Ink and MIT patents 
and applications, the presently preferred form of elec- 
trophoretic medium comprises white titania and carbon 
black particles in a hydrocarbon suspending fluid, this hy- 


drocarbon being used alone or in admixture with a chlori- 
nated hydrocarbon or other low dielectric constant fluid. 
Most other prior art electrophoretic displays which require 
a black pigment have also used carbon black for this pur- 
pose, apparently largely because the material is readily 
available in mass quantities and very inexpensive. How- 
ever, the present inventors and their co-workers have dis- 
covered that the aforementioned problems with prior art 
electrophoretic displays are associated with the use of 
carbon black for the black electrophoretic particles. Car- 
bon black has a complex and poorly understood surface 
chemistry, which may vary widely with the specific raw 
material (typically petroleum) and the exact process used 
for the carbon black production. Carbon black pigment 
particles also have a poorly understood aggregate, fractal 
structure. Furthermore, carbon black is notoriously effec- 
tive in adsorbing gases and liquids with which it comes 
into contact, and such adsorbed gases and liquids can 
change the physicochemical properties of the carbon 
black surface. Hence, it is difficult to ensure consistent 
surface properties of carbon black from batch to batch. 
This is especially problematic in electrophoretic displays, 
since the electrophoretic particles used are typically so 


small (of the order of 1 urn) that their properties are dom- 
inated by the properties of their surfaces. 
[0018] it has also been discovered (although this information is 
not disclosed in the prior art) that carbon black presents 
certain peculiar difficulties in obtaining proper charging of 
particles in opposite charge dual particle electrophoretic 
displays. Specifically, it has been found that when using 
carbon black and titania as the black and white particles 
respectively in an opposite charge dual particle elec- 
trophoretic display, combinations of charging agents and 
other materials which produce all positively charged car- 
bon black particles tend to produce a minor proportion of 
titania particles which are also positively charged. The re- 
sultant mixture of negatively and positively charged tita- 
nia particles leads to contamination of the extreme optical 
states of the medium, thus adversely affecting its contrast 
ratio. 

[0019] Carbon black also has a low density. While this does not 
affect the operation of the display itself, it does compli- 
cate the manufacture of encapsulated dual particle dis- 
plays. For reasons explained in several of the aforemen- 
tioned E Ink and MIT patents, it is desirable that an en- 
capsulated electrophoretic medium comprises a single, 


substantially close-packed layer of capsules. Also, when 
such an electrophoretic medium is produced by coating 
capsules on to a substrate, it is desirable that the exposed 
surface of the capsule layer be reasonably flat, since oth- 
erwise difficulties may be encountered in laminating the 
capsule layer to other layers in the final display. Produc- 
tion of such a substantially close-packed layer with a rea- 
sonably flat exposed surface is best achieved by coating 
capsules which are of substantially the same size. How- 
ever, the encapsulation processes described in aforemen- 
tioned E Ink and MIT patents produce capsules having a 
broad range of sizes, and hence it is necessary to separate 
out the capsules having the desired range of sizes. Many 
useful processes for sorting capsules by size rely upon 
using the density difference between the capsules and a 
surrounding medium to effect the desired sorting. The 
low density of carbon black, coupled with the small con- 
centration at which it is used in most electrophoretic me- 
dia, lead to capsule densities close to that of water, hin- 
dering the sorting process. 
[0020] There is thus a need for a black particle for use in elec- 
trophoretic media that does not suffer from the problems 
associated with the use of carbon black. However, the 


search for such a black particle is subject to considerable 
difficulties. Although the optical properties of numerous 
pigments are of course known from their use in the paint 
and similar industries, a pigment for use in an elec- 
trophoretic display must possess several properties in ad- 
dition to appropriate optical properties. The pigment must 
be compatible with the numerous other components of 
the electrophoretic medium, including the suspending 
fluid, any other pigment particles present, charge control 
agents and surfactants typically present in the suspending 
fluid, and the capsule wall material (if a capsule wall is 
present). The pigment particles must also be able to sus- 
tain a charge when suspended in the suspending fluid, 
and the zeta potentials of the particles caused by such 
charges should all be of the same polarity and should not 
extend over an excessively wide range, or the elec- 
trophoretic medium may not have desirable electro-optic 
properties; for example, if some particles have very low 
zeta potentials, a very long driving pulse may be required 
to move such particles to a desired position within the 
electrophoretic medium, resulting in slow switching of the 
medium. It will be appreciated that such information re- 
lating to the ability of pigment particles to acquire and 


hold charges is not available for most pigments poten- 
tially usable in an electrophoretic display, since such elec- 
trical properties are irrelevant to the normal commercial 
uses of the pigments. 
[0021] The aforementioned copending Application Serial No. 
09/140,846 mentions numerous pigments that are po- 
tentially useful in an electrophoretic display. It has now 
been found that one of these pigment, namely copper 
chromite (Cu^r^) has particular advantages for use in 
electrophoretic media and displays, and this invention re- 
lates to electrophoretic media and displays containing 
copper chromite. It has also been found that certain sur- 
face treatments, in particular the formation of layers of 
silica and formation of polymers attached to the copper 
chromite particle, substantially as described in the afore- 
mentioned copending Applications Serial Nos. 
10/063,803 and 60/481,572, improve the performance of 
the copper chromite particle in electrophoretic media and 
displays, and this invention also relates to such modified 
copper chromite particles and electrophoretic media and 

displays containing them. 
Summary of Invention 

[0022] Accordingly, in one aspect this invention provides an elec- 


trophoretic medium comprising at least one electrically 
charged particle suspended in a suspending fluid and ca- 
pable of moving through the fluid on application of an 
electrical field to the fluid. According to the present in- 
vention, the at least one electrically charged particle com- 
prises copper chromite. 
[0023] | n suc h an electrophoretic medium, the at least one elec- 
trically charged particle may have an average diameter of 
from about 0.25 to about 5 urn. The at least one electri- 
cally charged particle may be coated with silica and/or 
have a polymer chemically bonded to, or cross-linked 
around, the at least one particle. It is generally preferred 
that the polymer be chemically bonded to the at least one 
particle. The polymer coating should correspond to be- 

2 

tween 5 and 500 mg/m of particle surface area (as mea- 
sured by the BET technique or other suitable method), 

2 

more preferably to between 10 and 100 mg/m , and most 

2 

preferably to between 20 and 100 mg/m The polymer 
may comprise from about 1 to about 15 per cent by 
weight, preferably from about 2 to about 8 per cent by 
weight, of the at least one particle. The polymer may 
comprise charged or chargeable groups, for example 
amino, carboxyl, or sulfonate groups. The polymer may 


also comprise a main chain and a plurality of side chains 
extending from the main chain, each of the side chains 
comprising at least about four carbon atoms. The polymer 
may be formed by radical polymerization from acrylate, 
methacrylate, styryl, or other vinyl monomers or mixtures 
thereof. The polymerization can take place in one step or 
in multiple sequential steps. 
[0024] As described in more detail below, the polymer may be 
bonded to the particle via a residue of a functionalization 
agent, for example a silane. The residue of the functional- 
ization agent may comprise charged or chargeable 
groups. 

[0025] The electrophoretic medium of the invention may be of 

any of the aforementioned types but preferably comprises 
at least one second particle having at least one optical 
characteristic differing from that of the copper chromite 
particle(s), the at least one second particle also having an 
electrophoretic mobility differing from that of the copper 
chromite particle(s). The copper chromite particles and 
the second particles may bear charges of opposite polar- 
ity. The second particles may be substantially white, a 
preferred white pigment for this purpose being titania. In 
the electrophoretic medium of the invention, the sus- 


pending fluid may comprise a hydrocarbon, or a mixture 
of a hydrocarbon and a halogenated hydrocarbon. 

[0026] The electrophoretic medium of the present invention may 
be of the encapsulated type and comprise a capsule wall 
within which the suspending fluid and the at least one 
particle are retained. Such an encapsulated medium may 
comprise a plurality of capsules each comprising a cap- 
sule wall and the suspending fluid and at least one parti- 
cle retained therein, the medium further comprising a 
polymeric binder surrounding the capsules. 

[0027] This invention extends to an electrophoretic display com- 
prising an electrophoretic medium of the present inven- 
tion and at least one electrode disposed adjacent the 
electrophoretic medium for applying an electric field to 
the medium. In such an electrophoretic display, the elec- 
trophoretic medium may comprise a plurality of capsules. 
Alternatively, the electrophoretic medium may be of the 
polymer-dispersed type and comprise a plurality of 
droplets comprising the suspending fluid and a continu- 
ous phase of a polymeric material surrounding the 
droplets. The electrophoretic display may also be of the 
microcell type and comprise a substrate having a plurality 
of sealed cavities formed therein, with the suspending 


fluid and the copper chromite particles retained within the 
sealed cavities. 

[0028] | n another aspect, this invention provides a copper 

chromite particle having a silica coating. Preferably, such 
a copper chromite particle has a mean diameter in the 
range of about 0.25 to about 5 urn. 

[0029] | n another aspect, this invention provides a copper 

chromite particle having a polymer chemically bonded to, 
or cross-linked around, the particle. Preferably, the poly- 
mer is chemically bonded to the particle. The polymer 

2 

coating should correspond to between 5 and 500 mg/m 
of pigment surface area (as measured by the BET tech- 
nique or other suitable method), more preferably to be- 

2 

tween 10 and 100 mg/m , and most preferably to be- 

2 

tween 20 and 100 mg/m . The polymer may comprise 
from about 1 to about 15 per cent by weight, preferably 
from about 2 to about 8 per cent by weight, of the parti- 
cle. The polymer (or a residue of a functionalization agent 
bonding the polymer to the particle, as previously dis- 
cussed) may comprise charged or chargeable groups, for 
example amino groups. The polymer may comprise a 
main chain and a plurality of side chains extending from 
the main chain, each of the side chains comprising at least 


about four carbon atoms. The polymer may be formed by 
radical polymerization from acrylate. methacrylate, styryl, 
or other vinyl monomers or mixtures thereof 

[0030] | n another aspect, this invention provides a process for 
producing a polymer-coated copper chromite particle; 
this process comprises: 

[0031] ( a ) reacting the particle with a reagent having a functional 
group capable of reacting with, and bonding to, the parti- 
cle, and also having a polymerizable or polymerization-initiat- 
ing group, thereby causing the functional group to react 
with the particle surface and attach the polymerizable 
group thereto; and 

[0032] (b) reacting the product of step (a) with at least one 

monomer or oligomer under conditions effective to cause 
reaction between the polymerizable or polymerization-initiat- 
ing group on the particle and the at least one monomer or 
oligomer, thereby causing the formation of polymer 
bonded to the particle. 

[0033] | n this process, the copper chromite particle may be 
coated with silica prior to step (a). The reagent used in 
step (a) may comprise a silane coupling group, for exam- 
ple a trialkoxysilane coupling group. The reagent may fur- 
ther comprise an amino group. For example, the reagent 


may comprise a N- 

[3-(trimethoxysilyl)propyl]-N'-(4-vinylbenzyl)ethylenedia 
mine salt. The monomer or oligomer may comprise at 
least one acrylate. methacrylate, styryl, or other vinyl 
monomer or mixtures thereof, for example lauryl 
methacrylate, 2-ethylhexyl methacrylate, hexyl methacry- 
late, and other alkyl esters of methacrylic acid and acrylic 
acid, hexafluorobutyl methacrylate and other halogen- 
containing monomers, styrene and substituted styrene 
derivatives, vinyl halides, for example, vinyl chloride, 
vinylidene chloride, vinylidene fluoride, and the like, vinyl 
ethers and esters, for example, methyl vinyl ether, and 
vinyl acetate, and other substituted vinyl derivatives, in- 
cluding maleic anhydride and maleic esters, vinyl pyrroli- 
done and the like. In addition, the polymerization may in- 
clude other reagents to modify the molecular weight of 
the polymer, for example, chain-transfer agents, such as 
carbon tetrabromide, mercapto-derivatives, or other such 

materials as known in the vinyl polymerization art. 
Brief Description of Drawings 

[0034] Figure 1 shows schematically a process for preparing 

electrophoretic particles by the process of the present in- 
vention. 


[0035] Figure 2 is a graph comparing the electro-optic properties 
of dual particle electrophoretic media using copper 
chromite and carbon black electrophoretic particles, as 
described in Example 5 below. 

[0036] Figure 3 is a graph showing the threshold behavior of a 

dual particle electrophoretic medium using a copolymer- 

coated copper chromite pigment, as described in Example 

7 below. 
Detailed Description 

[0037] As already mentioned, this invention relates to elec- 
trophoretic particles comprising copper chromite, to pro- 
cesses for the production of such particles, and to elec- 
trophoretic media and displays containing such particles. 

[0038] Copper chromite has a number of advantages for use as 
an electrophoretic particle. It is readily available commer- 
cially in substantial quantities, the presently preferred 
commercial form being the material sold under the trade 
name Shepherd Black 1G by Shepherd Color Company, 
4539 Dues Drive, Cincinnati, Ohio 45246. This pigment is 
a calcined particulate pigment with an average size of 
about 1 urn, specific gravity of 5.5, and surface area of 
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2.7 m /g. A second pigment, Shepherd Black 1, from the 
same supplier, has also been found to give satisfactory 


results; this pigment has the same composition as Black 
1G but a slightly larger particle size (1.2 urn) and slightly 
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smaller surface area (2.1 m /g). 

[0039] Copper chromite has a more consistent surface chemistry 
than carbon black. For optimum performance as an elec- 
trophoretic particle, the copper chromite should be pro- 
vided with a polymer coating of the type described in the 
aforementioned copending Application Serial No. 
10/063,803. In one embodiment of the invention, it is 
preferred that the copper chromite be coated with silica 
prior to the formation of the polymer coating. The silica 
coating may also be prepared by a process as described in 
the aforementioned copending Application Serial No. 
10/063,803. The polymer coating, and optional silica 
coating, provide the copper chromite with an engineered 
and well-defined surface which is accurately reproducible 
from batch to batch. 

[0040] The polymer coating may be of any of the types described 
in the aforementioned copending Applications Serial Nos. 
10/063,803 and 60/481,572, and in view of the large 
number of processes for forming such polymer coatings 
described in these copending applications, only the 
presently preferred processes for forming the polymer 


coatings on copper chromite particles will be described in 
detail below, although it is again stressed that any of the 
processes for forming such polymer coatings described in 
these copending applications may be used in the present 
invention. Thus, although the polymer coating may be 
chemically bonded to, or cross-linked around, the copper 
chromite particle, the former is generally preferred. The 
polymer coating is preferably formed by (a) reacting the 
particle with a reagent (a "functionalization agent") having 
a functional group capable of reacting with, and bonding 
to, the particle, and also having a polymerizable or poly- 
merization-initiating group, thereby causing the func- 
tional group to react with the particle surface and attach 
the polymerizable group thereto; and (b) reacting the 
product of step (a) with at least one monomer or oligomer 
under conditions effective to cause reaction between the 
polymerizable or polymerization-initiating group on the 
particle and the at least one monomer or oligomer, 
thereby causing the formation of polymer bonded to the 
particle. 

[0041] The reagent used step (a) of this process has a functional 
group capable of bonding to the particle and a polymeriz- 
able or polymerization-initiating group, which is used in 


step (b) to cause formation of polymer. If, as is typically 
the case, the copper chromite particle is coated with silica 
prior to step (a), the reagent needs to react with the silica 
coating rather than a copper chromite surface, and conve- 
nient reagents for reacting with such a silica surface are 
silanes, especially trialkoxysilanes. The polymerizable 
group is conveniently a vinyl group. The polymer coating 
desirably contains charged or chargeable groups, since 
the presence of such groups assists in controlling and 
maintaining a stable charge on the copper chromite parti- 
cles in the electrophoretic medium. Such groups are con- 
veniently present in the reagent used in step (a), although 
they can also be present in the monomers used in step 
(b); for example, if a positively charged copper chromite 
particle is desired, the reagent may contain amino groups. 
(In practice, it is generally convenient to make the copper 
chromite particles positively charged; the aforementioned 
E Ink and MIT patents and applications describe opposite 
charge dual particle electrophoretic media containing 
negatively charged white titania particles and positively 
charged carbon black particles. When replacing the carbon 
black particles with copper chromite particles in accor- 
dance with the present invention, it is convenient to keep 


the same charging scheme with the negatively charged 
white titania particles and to make the black copper 
chromite particles positively charged.) Preferred amino 
reagents for this purpose are N- 

[3-(trimethoxysilyl)propyl]-N'-(4-vinylbenzyl)ethylenedia 
mine salts, especially the hydrochloride, for convenience 
hereinafter referred to as "TMSP". If a negatively charged 
copper chromite particle is desired, conveniently the 
silane of the formula: 
[0042] H C=C(CH )CO (CH ) Si(OCH ) 

2 3 2 2 3 3 3 

[0043] sold commercially under the Registered Trade Mark 
Z6030, is used. 

[0044] The monomer used in step (b) of the process for forming 
the polymer coating is conveniently an acrylate or 
methacrylate, although as already mentioned a wide vari- 
ety of other monomers may be used; as will readily be ap- 
parent to those skilled in polymer synthesis, it is normally 
necessary to include a free radical polymer initiator in the 
reaction mixture to enable the vinyl or other polymeriz- 
able group derived from the reagent used in step (a) of 
the process to react with the acrylate or methacrylate 
monomer to form the polymer. As discussed in more de- 
tail in the aforementioned copending Application Serial 


No. 10/063,803, it is generally desirable that the polymer 
used to form the polymer coating comprise a main chain 
and a plurality of side chains extending from the main 
chain, each of the side chains comprising at least about 
four carbon atoms; this type of "brush" polymer is be- 
lieved to spread out into a brush or tree-like structure in 
the hydrocarbon suspending fluids commonly used in 
electrophoretic media, thus increasing the affinity of the 
electrophoretic particles for the suspending fluid and thus 
the stability of the particle dispersion. Side chains sub- 
stantially larger than four carbon atoms are useful in 
achieving an optimum brush structure, and the presently 
preferred monomers for forming the polymer coating are 
lauryl methacrylate and 2-ethylhexyl methacrylate. For 
reasons discussed in detail in the aforementioned 
copending Application Serial No. 60/481,572, it may be 
advantageous to include a minor proportion of a second 
monomer, for example styrene or a fluorinated monomer, 
with the lauryl- or 2-ethylhexyl methacrylate or other 
acrylate or methacrylate monomer. 
[0045] The electrophoretic properties of the copper chromite 

particle may be affected by the amount of polymer coat- 
ing. Generally, it is preferred that the polymer comprise 


between about 5 and about 500 mg/m of pigment sur- 
face area (as measured by the BET technique or other 
suitable method), more preferably to between 10 and 100 

2 

mg/m , and most preferably to between 20 and 100 mg/ 

2 

m . As illustrated in the Examples, below, one preferred 
process produces a polymer coating constituting about 4 
per cent by weight of the particle, corresponding to about 

-2 

40 mg m using the aforementioned Shepherd 1G as the 
base particle. 

[0046] For various reasons discussed below, in step (b) of the 

process, it is often desirable to incorporate more than one 
type of monomer (or oligomer) into the polymer coating, 
and two different approaches may be used to form such 
"multiple monomer" coatings. The first approach is a sin- 
gle stage copolymerization using a mixture of the relevant 
monomers. The second approach uses two or more suc- 
cessive polymerization steps (in effect, splitting step (b) of 
the process into two or more sub-steps), each of which 
uses a different monomer or mixture of monomers. For 
example, as illustrated in the Examples below, a first 
polymerization with lauryl methacrylate may be followed 
by a second polymerization with styrene. It will readily be 
apparent to those skilled in polymer technology that the 


properties of the polymer-coated particles produced by 
the two approaches may differ, since the first approach 
produces a random copolymer, whereas the second ap- 
proach produces a block copolymer or mixture of ho- 
mopolymers. 

[0047] The electrophoretic media and displays produced using 
the copper chromite particles of the present invention 
may be of any of the aforementioned types. Thus, the me- 
dia and displays may be of the single particle, opposite 
polarity dual particle or same polarity dual particle types. 
Similarly, the media and displays may be of the unencap- 
sulated, encapsulated, polymer-dispersed and microcell 
types. The replacement of the carbon black particles typi- 
cally used in prior art electrophoretic media and displays 
with copper chromite particles in accordance with the 
present invention will typically require the use of a sub- 
stantially greater weight of copper chromite particles than 
carbon black particles because of the much greater den- 
sity of copper chromite; the optimum amount of copper 
chromite to be used in any specific electrophoretic 
medium may be determined empirically, and the Examples 
below illustrate typical amounts. Apart from this differ- 
ence in amount of pigment, electrophoretic media and 


displays using copper chromite can generally use the 
same technology as similar media and displays using car- 
bon black, and the reader is referred to the aforemen- 
tioned E Ink, MIT and other patents and applications for 
fuller information. 
[0048] Figure 1 of the accompanying drawings shows schemati- 
cally a process for preparing electrophoretic particles in 
accordance with the present invention, this process being 
essentially similar to that described in the aforementioned 
copending Application Serial No. 10/063,803. In the first 
stage of the process, a copper chromite pigment particle 
100 is coated with silica to form a silica coating 102; this 
step is fully described in the aforementioned copending 
Application Serial No. 10/063,803 and a preferred process 
is described in Example 1 below. Next, the silica-coated 
pigment is treated with a bifunctional reagent having one 
functional group which reacts with the silica surface, and 
a second, charge control group, thus producing a surface 
functionalized copper chromite pigment bearing charge 
control groups 104 on its surface. The bifunctional 
reagent also provides a site for the formation of polymer 
on the pigment particle. Finally, as shown in Figure 1, the 
surface functionalized pigment is contacted with one or 


more monomers or oligomers under conditions effective 
to cause formation of polymer 106 attached to the charge 
control groups, thereby producing a colloidally stable 
copper chromite pigment ready for use in an elec- 
trophoretic medium. 
[0049] The following Examples, are now given, though by way of 
illustration only, to show preferred reagents, conditions 
and techniques useful in the practice of the present in- 
vention. 

[0050] Example 1 : Silica coating of copper chromite pigment 

[0051] a dispersion was prepared consisting of Shepherd Black 
1G (50 g), water (420 ml_) and sodium silicate solution (6 
ml_ of a solution containing approximately 14% of sodium 
hydroxide and 27% of silica, available from Aldrich Chem- 
ical Company); the dispersion was sonicated for one hour. 
The dispersion was then added to a 1 L three-necked 
flask equipped with a stirring bar, reflux condenser (open 
to the air) and two addition funnels equipped with needle- 
valve control stopcocks. The flask was partially immersed 
in a silicone oil bath and heated to 100°C with rapid stir- 
ring over a period of one hour. During this heating period, 
the first addition funnel was charged with 0.22M sulfuric 
acid (150 ml_) and the second with a mixture of the afore- 


mentioned sodium silicate solution (11 ml_) and water (70 
ml_). After the silicone oil bath reached 100°C, the two so- 
lutions in the addition funnels were simultaneously added 
to the dispersion in the flask over a period of two hours. 
The heat was then turned off and the bath and flask were 
allowed to cool slowly to room temperature. Stirring was 
then continued overnight. The silicated dispersion was 
then poured into centrifuge bottles and centrifuged at 
3600 rpm for 10 minutes. The supernatant solution was 
decanted and discarded, and fresh deionized water was 
added to the bottles, which were shaken to re-suspend 
the sediment, and then re-centrifuged at 3600 rpm for 10 
minutes. After decantation of the supernatant solution a 
second time, the bottles were covered loosely and the 
sedimented pigment allowed to air dry. The pigment thus 
produced was then placed in a crystallization dish and 
dried in a 105°C oven for two days. The dried pigment was 
hand ground using a mortar and pestle and sieved using a 
1.0 mm stainless steel mesh screen. Finally, the sieved 
pigment was finely ground using 2 inch (51 mm) jet mill 
Micronizer (available from Sturtevant Inc., Hanover, MA) 
using 100 psi (0.8 mPa) air and a pigment feed rate of 
about 250 g/hr. 


[0052] Example 2 : Silane treatment ofsilicated copper chromite pigment 

[0053] The silica-coated copper chromite pigment produced in 
Example 1 was used without further treatment in a 
silanization process. For this purpose, a mixture of 300 
ml of ethanol, 30 ml of water and 40 g of a 40 weight 
percent solution of N- 

[3-(trimethoxysilyl)propyl]-N'-(4-vinylbenzyl)ethylene di- 
amine hydrochloride (available from United Chemical 
Technologies, 2731 Bartram Road, Bristol, PA 
19007-6893) in methanol was stirred rapidly for 7 min- 
utes, the pigment was added thereto, and the resultant 
mixture was stirred for a further 5 minutes. The resultant 
suspension was poured into plastic bottles and cen- 
trifuged at 3500 rpm for 30 minutes. The supernatant 
liquor was decanted, and the silanized pigment re- 
dispersed in ethanol and centrifuged at 3500 rpm for 30 
minutes, and the liquid decanted. The washing was re- 
peated, and the pigment finally dried in air for 18 hours, 
then under vacuum at 70°C for 2 hours. The amount of 
surface functionalization was estimated by thermogravi- 
metric analysis (TGA), which indicated the presence of 
1.5-1.7% of volatile (organic) material, implying a surface 
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coverage of 19-22 umol/m , representing substantially 


more than a monolayer of the silane. 

[0054] Example 3 : Polymer coating ofsilanized copper chromite pigment 

[0055] The silanized pigment produced in Example 2 (50 g) was 
placed in a round-bottomed flask with toluene (50 g) and 
2-ethylhexyl methacrylate monomer (50 g). The resultant 
mixture was stirred rapidly under a nitrogen atmosphere 
(argon may alternatively be used) for 20 minutes, then 
slowly heated to 50°C and AIBN (0.5 g in 10 ml of toluene) 
added quickly. The suspension was then heated to 65°C 
and stirred at this temperature under nitrogen for a fur- 
ther 18 hours. The resultant suspension was poured into 
plastic bottles, the flask being washed out with ethyl ac- 
etate to remove residual product and the ethyl acetate so- 
lution added to the bottles. The bottles were centrifuged 
at 3500 rpm for 30 minutes. The supernatant liquor was 
decanted, and the polymer-coated pigment re-dispersed 
in ethyl acetate and centrifuged at 3500 rpm for 30 min- 
utes, and the liquid decanted. The washing was repeated, 
and the pigment dried in air until a workable powder was 
obtained, and then under vacuum at 65°C for 6 to 18 
hours. This polymerization resulted in a final pigment 
containing 3.5-4.5% volatile material byTGA. 

[0056] Example 4 : Preparation of dual particle electrophoretic display 


containing copper chromite pigment 

[0057] This Example illustrates the conversion of the polymer- 
coated copper chromite pigment produced in Example 3 
above to an encapsulated opposite charge dual particle 
electrophoretic display using a process substantially as 
described in the aforementioned copending Application 
Serial No. 10/065,803. The titania pigment used was also 
polymer-coated essentially as described in Example 28 of 
this copending application. 

[0058] p ar f j± : Preparation of internal phase 

[0059] An internal phase (i.e., an electrophoretic suspension 

comprising the two types of electrophoretic particles, the 
suspending fluid and certain additives) was prepared by 
combining the following constituents in a 4L plastic bot- 
tle: 

[0060] Copper chromite (53.4 weight per cent dispersion in 

Isopar G) 1070.09 g 
[0061] Titania (60 weight per cent dispersion in Isopar G): 

2380.95 g 

[0062] Polyisobutylene (13 weight per cent dispersion in Isopar 
G) 143.08 g 

[0063] Solsperse 17K (10 weight per cent solution in Isopar G) 
400.00 g 


[0064] Additional Isopar G: 5.88 g 

[0065] The resultant mixture was sonicated for 1 hour by immer- 
sion in a sonicating water bath, and then rolled overnight 
on a mechanical roller to produce an internal phase ready 
for encapsulation. 

[0066] p ar t b ■ Encapsulation 

[0067] Deionized water (2622 g) was added to a 4 L jacketed re- 
actor equipped with a prop stirrer and warmed to 42.5°C 
using a circulating controlled temperature bath. Gelatin 
(66.7 g) was hydrated by sprinkling the powdered material 
onto the surface of the water in the reactor and allowing 
the suspension to stand for 1 hour. The stirrer was then 
set at 100 rpm and the solution stirred for 30 minutes. 
The stirring rate was then increased to 350 rpm and the 
internal phase prepared in Part A above was added over a 
period of five minutes using a sub-surface addition fun- 
nel. Immediately after the addition of the internal phase 
had been completed, the stirring rate was increased to 
500 rpm for 1 hour to produce internal phase droplets in 
the correct size range. During this emulsification, a solu- 
tion of 66.7 g of gum acacia dissolved in 656 g of water 
was warmed to 40°C. At the end of the emulsification pe- 


riod, the acacia solution was added all at once to the in- 
ternal phase suspension, and the pH of the suspension 
was adjusted to 5.0 by addition of 3.5 g of 10 weight per 
cent acetic acid. 

[0068] The bath temperature on the circulator was then changed 
to 8°C. When the temperature of the suspension reached 
10°C (after 2-3 hours), 16.7 g of 50 per cent glutaralde- 
hyde solution in water was added. The bath temperature 
was then set at 25°C, and the suspension warmed and 
stirred overnight. The resultant encapsulated material was 
isolated by sedimentation, washed with deionized water, 
and size-separated by sieving, using sieves of 38 and 25 
urn mesh. Analysis using a Coulter Multisizer showed that 
the resulting capsules had a mean size of 40 urn and 
more than 85 per cent of the total capsule volume was in 
capsules having the desired size of between 30 and 50 
urn. 

[0069] p ar t q ■ Preparation of capsule slurry 

[0070] Following the size separation described in Part B above, 
the capsules were allowed to settle and all excess water 
was decanted. The resulting capsule slurry was adjusted 
to pH 8 with 1 weight percent ammonium hydroxide solu- 
tion. The capsules were then concentrated by centrifuga- 


tion and the supernatant liquid discarded. The capsules 
were mixed with an aqueous urethane binder at a ratio of 
1 part by weight binder to 8 parts by weight of capsules 
and 0.1 weight per cent Triton X-100 surfactant and 0.2 
weight per cent of hydroxypropyl methyl cellulose (both 
based on the total weight of capsule slurry and binder) 
were added and mixed thoroughly. 
[0071] p art d . Manufacture of display 

[0072] The mixture produced in Part C above was bar-coated, 

using a 4 mil (101 urn) coating slot, on to a 125 urn thick 
indium-tin oxide (ITO)-coated polyester film, the capsules 
being deposited on the ITO-coated surface of the film. 
The resulting coated film was dried in an oven at 60°C for 
1 hour. 

[0073] Separately, a polyurethane lamination adhesive was 

coated on the a release sheet to form a dried adhesive 
layer 55 urn thick, and the resultant coated sheet was cut 
to a size slightly larger than that of the capsule-coated 
film. The two sheets were then laminated together (with 
the lamination adhesive in contact with the capsule layer) 
by running them through a Western Magnum roll lamina- 
tor with the top roll set at 279°C and the bottom roll set at 
184°C to form a front plane laminate as described in 


copending Application Serial No. 10/249,957, filed May 
22, 2003. The front plane laminate was then cut to the 
desired size, the release sheet removed, and the lamina- 
tion adhesive layer thereof laminated to a backplane com- 
prising a polymeric film covered with a graphite layer, the 
lamination adhesive being contacted with the graphite 
layer. This second lamination was effected using the same 
laminator but with a top roll temperature of 259°C and a 
bottom roll temperature of 184°C. The laminated pixels 
were cut out using a laser cutter, and electrical connec- 
tions applied to produce experimental single-pixel dis- 
plays suitable for use in the electro-optic tests described 
in Example 5 below. 

[0074] jo provide controls for use in these electro-optic tests, a 
similar prior art dual particle electrophoretic display was 
produced using as the black pigment a polymer-coated 
carbon black prepared essentially as described in Example 
27 of the aforementioned copending Application Serial 
No. 10/063,803. 

[0075] Example 5 : Electro-optic properties of display containing copper 
chromite pigment 

[0076] The experimental displays produced in Example 4 above 
were tested by switching them through several transitions 


between their extreme black and white optical states. To 
test the variation of white state with applied pulse length, 
a display was driven to its black state, then 15 V square 
wave pulses of varying duration were applied and the re- 
sultant white state measured. The variation of dark state 
with applied pulse length was tested in the same way but 
starting with the display in its white state. The reflectance 
of the state produced by the driving pulse was measured, 
and expressed in L* units, where L* has the usual CIE def- 
inition. Figure 2 of the accompanying drawings shows the 
results obtained for both the displays of the present in- 
vention and the prior art displays. 

[0077] prom Figure 2 it will be seen that the display of the 

present invention has both whiter white states and darker 
dark states than the prior art display when operated at the 
same pulse length and voltage. As a result, the contrast 
ratio for the display of the present invention is substan- 
tially higher; for example, at a pulse length of 550 ms, the 
prior art display has a contrast ratio of 8.8, whereas the 
display of the invention has a contrast ratio of 13.7. 

[0078] Further tests were conducted to measure the dwell state 
dependence of the two types of display. As explained 
above, dwell state dependence ("DSD") is a phenomenon 


which causes the response of a pixel of a display to an 
applied driving pulse to vary with the time for which the 
pixel has previously remained in the same optical state. 
This is a problem in electrophoretic displays, where the 
time for which a specific pixel remains in the same optical 
state before being switched to a new optical state can vary 
greatly. To test dwell state dependence, the previous tests 
were substantially repeated, except that the display was 
left for a rest length ("RL") of either 50 or 4050 millisec- 
onds in its previous state before the driving pulse was ap- 
plied, and the driving pulse had a fixed duration of 350 
msec at 15 V. The results are shown in the Table 1 below. 
[0079] Table 1 


Display 

White state 
50 ms RL 

White state 
4050 ms RL 

AWS 

Dark state 
50 ms RL 

Dark state 
4050 ms RL 

ADS 

Control 

68.7 

66.4 

-2.3 

22.9 

26.3 

+4.3 

Present In- 
vention 

67.1 

65.7 

-1.4 

24.4 

22.4 

-2.0 


[0080] As is well known to those skilled in display technology, a 
change less than or equal to 2 units in L* is regarded as a 
satisfactory performance, since changes of this magnitude 
are either invisible to the eye or nearly so, whereas greater 
changes than this cause visually unattractive artifacts. 
Hence Table 1 shows that the prior art display would pro- 


duce such artifacts under the test conditions, whereas the 
display of the present invention would not. 

[0081] The density of the capsules produced in Example 4, Part B 
above was also measured. It was found that the capsules 
of the present invention had a specific gravity of approxi- 
mately 1.15, whereas the control capsules had a specific 
gravity of approximately 1.06. Since many techniques for 
size separation of capsules, such as centrifugation, de- 
pend upon the difference between the density of capsules 
and water, it will readily be apparent that the capsules of 
the present invention could be size separated much more 
quickly than the control capsules, or, from a practical per- 
spective, that a given separation apparatus can process a 
much greater throughput of the capsules of the present 
invention than the control capsules, and hence that for 
any given production rate, the size and cost of the sepa- 
ration apparatus can be reduced. 

[0082] Example 6 : Alternative process for silica-coating and silanization 
of copper chromite pigment 

[0083] Copper chromite (Shepherd Black 1C, 50 g) was placed in 
a sodium silicate solution (430 ml of a 0.073M solution 
with 1.9% sodium hydroxide), and the resultant mixture 
was rapidly stirred and then sonicated at 30-3 5°C. The 


suspension was then heated to 90-95°C over a period of 1 
hour and sulfuric acid (150 ml_ of a 0.22M solution) and 
additional sodium silicate (75 ml_ of a 0.83M solution with 
0.2% sodium hydroxide) were added simultaneously over a 
period of 2.5 to 3 hours, with stirring. After these addi- 
tions had been completed, the reaction mixture was 
stirred for an additional 15 minutes, then cooled to room 
temperature. Additional sulfuric acid (18 ml_ of 1M acid) 
was then added to the reaction mixture to lower its pH 
from about 9.5-10 to about 3. The reaction mixture was 
then placed in plastic bottles and centrifuged at 3700 rpm 
for 15 minutes, and the supernatant liquid decanted. Im- 
mediately after this decantation, deionized water (5 ml_) 
and ethanol (50 ml_) were added to each bottle, which was 
then shaken vigorously. The bottles were then sonicated 
for 1 hour. Microscopic investigation of the resultant dis- 
persion revealed well-dispersed primary pigment parti- 
cles. 

[0084] The dispersion of silica-coated copper chromite pigment 
thus produced was used without any further treatment in 
a silanization process. For this purpose, a mixture of 300 
ml of ethanol, 30 ml of water and 40 g of a 40 weight 
percent solution of N- 


[3-(trimethoxysilyl)propyl]-N'-(4-vinylbenzyl)ethylene di- 
amine hydrochloride in methanol was stirred rapidly for 7 
minutes, the pigment dispersion was added thereto, and 
the resultant mixture was stirred for a further 5 minutes. 
The resultant suspension was poured into plastic bottles 
and centrifuged at 3500 rpm for 30 minutes. The super- 
natant liquor was decanted, and the silanized pigment re- 
dispersed in ethanol and centrifuged at 3500 rpm for 30 
minutes, and the liquid decanted. The washing was re- 
peated, and the pigment finally dried in air for 18 hours, 
then under vacuum at 70°C for 2 hours. 
[0085] Example 7 : Copper chromite pigment polymer-coated with a mix- 
ture of monomers 

[0086] This Example illustrates the use of copper chromite pig- 
ments having a polymer coating derived from more than 
one monomer. These experiments use a white titania pig- 
ment based on Dupont Ti-Pure R960 and a black copper 
chromite pigment based on Shepherd Black 1G. These 
particles were surface functionalized as per Figure 1 using 
Z6030 for the white pigment and TMSP for the black. As 
previously mentioned, the white particles are negatively 
charged when incorporated into an Isopar G suspending 
fluid including Solsperse 17Kand Span as charging 


agents, and the black particles are positively charged. The 
particles with lauryl methacrylate homopolymer shells are 
similar to those used in Example 5 above and are referred 
to by the letters J and D for white particles and black par- 
ticles respectively. Modification of the polymer shell will 
be described as follows: for particles made using a ran- 
dom copolymer, one-stage polymerization, the 
comonomer will be identified by the letter codes indicated 
in Table 2 in parentheses after the appropriate pigment 
indicator, together with a number indicating the mole 
fraction of the comonomer used in the polymerization re- 
action. The majority comonomer in each case is lauryl 
methacrylate. Thus, the notation J(BMA15) indicates a 
white pigment made from a polymerization mixture com- 
prising 15 mole % t-butyl methacrylate and 85 mole % 
lauryl methacrylate. A two-stage polymerization will be 
indicated by a plus sign; in general, the mole ratio of 
polymers for these particles is not so well known, so that 
no indication is given about composition. Thus, J(+St) in- 
dicates a white pigment made by a two-stage polymeriza- 
tion. The starting material was the pigment with 100 mole 
percent lauryl methacrylate used in the first stage poly- 
merization; the second stage polymerization was carried 


out using only styrene as the polymerizable monomer. 
[0087] Table 2 


Monomer 

Shorthand symbol 

styrene 

St 

t-butyl methacrylate 

TBMA 

vinyl pyrrolidone 

VP 


[0088] The procedures used for formation of the polymer shells 
were as follows: 

[0089] i standard Lauryl Methacrylate Polymerization 

[0090] a single-neck, 250 ml_ round bottom flask was equipped 
with a magnetic stir bar, reflux condenser and an argon/ 
or nitrogen inlet and placed in a silicon oil bath. To the 
flask was added 60 g of silane coated pigment which was 
pulverized into a fine powder using a mortar and pestle, 
followed by 60 ml_ of lauryl methacrylate (LMA, Aldrich) 
and 60 ml_ of toluene. The reaction mixture was then 
stirred rapidly and the flask purged with argon or nitrogen 
for one hour. During this time the silicon bath was heated 
to 50°C. During the purge, 0.6 g of AIBN 
(2,2'-azobisisobutyronitrile, Aldrich) was dissolved in 13 
ml_ of toluene. At the end of the one-hour purge the 
AlBN/toluene solution was added quickly with a glass 
pipette. The reaction vessel heated to 65°C and allowed to 


stir overnight. At the end of the polymerization, to the 
viscous reaction mixture was added 100 ml_ of ethyl ac- 
etate and the mixture allowed to stir for another 10 min- 
utes. The mixture was poured into plastic bottles, cen- 
trifuged for 15-20 minutes at 3600 rpm and decanted. 
Fresh ethyl acetate was added to centrifuged pigment, 
which was resuspended by stirring with a stainless steel 
spatula and sonicating for 10 minutes. The pigment was 
washed twice more with ethyl acetate followed above pro- 
cedure. The pigment was allowed to air dry overnight fol- 
lowed by drying under high vacuum for 24 hours. The free 
polymer in bulk solution was precipitated in methanol and 
dried under vacuum. The molecular weight of free poly- 
mer in the solution was determined by gas phase chro- 
matography (GPC). The polymer bound on the pigment 
was measured byTGA. 
[0091] 2. Co-polymerization of Z6030-coated titania 

[0092] a single-neck, 250 ml_ round bottom flask was equipped 
with a magnetic stir bar, reflux condenser and an argon/ 
or nitrogen inlet and placed in a silicon oil bath. To the 
flask were added 60 ml_ of toluene, 60 g of PD65 
(Z6030-coated titania (derived from R960 Titanium Oxide 
pigment, supplied by Dupont de Nemours and Company, 


Inc.), lauryl methacrylate (LMA) and a second monomer, 
such as styrene, t-butyl methacrylate, 
l-vinyl-2-pyrrolidinone, hexafluorobutyl acrylate or 
methacrylate, N-isopropylacrylamide or acrylonitrile 
(Aldrich), the amounts of LMA and second monomer de- 
pending on the desired monomer ratio. The ratios of 
LMA/second monomer were usually 95/5, 85/15 and 
75/25. The reaction mixture was then stirred rapidly and 
the flask purged with argon or nitrogen for one hour. 
During this time the silicon bath was heated to 50°C. Dur- 
ing the purge, 0.6 g of AIBN was dissolved or partially dis- 
solved in 13 mL of toluene. At the end of the one hour 
purge the AlBN/toluene solution was added quickly with a 
glass pipette. The reaction vessel was heated to 65°C and 
allowed to stir overnight. To the viscous reaction mixture 
was added 100 mL of ethyl acetate and the resultant mix- 
ture was allowed to stir for another 10 minutes. The mix- 
ture was poured into plastic bottles and centrifuged for 
15-20 minutes at 3600 rpm and decanted. Fresh ethyl ac- 
etate was added to the centrifuged pigment, and the re- 
sulting mixture stirred with a stainless steel spatula and 
sonicated for 10 minutes. The pigment was washed twice 
more with ethyl acetate, centrifuged and decanted. The 


pigment was allowed to air dry overnight followed by dry- 
ing under high vacuum for 24 hours. The free polymer in 
bulk solution was precipitated in methanol and dried un- 
der vacuum. The molecular weight of free polymer in the 
solution was determined by CPC. The polymer bound on 
the pigment was measured byTGA. 
[0093] 2.1 LMA and 1 -vinyl- 2-pyrrolidinone copolymerization ofZ6030 
coated R960 

[0094] a single-neck, 250 ml_ round bottom flask was equipped 
with a magnetic stir bar, reflux condenser and an argon/ 
or nitrogen inlet and placed in a silicon oil bath. To the 
flask were added 60 mL of toluene, 60 g of PD65 (Z6030 
coated Dupont R960), 51 mL of lauryl methacrylate (LMA) 
and 3.3 mL of l-vinyl-2-pyrrolidinone, corresponding to 
a mole ratio of LMA/l-vinyl-2-pyrrolidinone of 85/15. 
The reaction mixture was then stirred rapidly and the 
flask purged with argon or nitrogen for one hour. During 
this time the silicon bath was heated to 50°C. During the 
purge, 0.6 g of AIBN was dissolved or partially dissolved 
in 13 mL of toluene. At the end of the one hour purge the 
AlBN/toluene solution was added quickly with a glass 
pipette. The reaction vessel was sealed, heated to 65°C 
and allowed to stir overnight. To the viscous reaction 


mixture was added 100 ml_ of ethyl acetate and the resul- 
tant mixture was allowed to stir for another 10 minutes. 
The mixture was poured into plastic bottles and cen- 
trifuged for 15-20 minutes at 3600 rpm and decanted. 
Fresh ethyl acetate was added to the centrifuged pigment, 
and the resultant mixture was stirred with a stainless steel 
spatula and sonicated for 10 minutes. The pigment was 
washed twice more with ethyl acetate, centrifuged and de- 
canted. The pigment was allowed to air dry overnight fol- 
lowed by drying under high vacuum for 24 hours. The free 
polymer in bulk solution was precipitated in methanol and 
dried under vacuum. The molecular weight of free poly- 
mer in the solution was determined by GPC. The polymer 
bound on the pigment was measured byTCA. 
[0095] 3 Second Stage Polymerization from LMA coated white pigment 

[0096] a single-neck, 250 ml_ round bottom flask was equipped 
with a magnetic stir bar, reflux condenser and an argon/ 
or nitrogen inlet and placed in a silicon oil bath. To the 
flask was added 60 g of Z6030-coated pigment that had 
been pulverized into a fine powder using a mortar and 
pestle, followed by 60 ml_ of lauryl methacrylate and 60 
ml_ of toluene. The reaction mixture was then stirred 
rapidly and the flask purged with argon or nitrogen for 


one hour. During this time the silicon bath was heated to 
50°C. During the purge, 0.6 g of AIBN was dissolved in 13 
ml_ of toluene. At the end of the one hour purge the AIBN/ 
toluene solution was added quickly with a glass pipette. 
The reaction vessel was sealed, heated to 65°C and al- 
lowed to stir overnight. At the end of the polymerization, 
to the viscous reaction mixture was added 100 ml_ of ethyl 
acetate and the resultant mixture was allowed to stir for 
another 10 minutes. The mixture was poured into plastic 
bottles and centrifuged for 15-20 minutes at 3600 rpm 
and decanted. Fresh ethyl acetate was added to the cen- 
trifuged pigment, and the resultant mixture stirred with a 
stainless steel spatula. The pigment was washed twice 
more with ethyl acetate following above procedure. The 
pigment was allowed to air dry overnight followed by dry- 
ing under high vacuum for 24 hours. The free polymer in 
bulk solution was precipitated in methanol and dried un- 
der vacuum for GPC test. The free polymer in bulk solu- 
tion was precipitated in methanol and dried under vac- 
uum. The molecular weight of free polymer in the solution 
was determined by GPC. The polymer bound on the pig- 
ment was measured by TGA. 
[0097] Another single-neck, 250 ml_ round bottom flask was 


equipped with a magnetic stir bar, reflux condenser and 
an argon/or nitrogen inlet and placed in a silicon oil bath. 
To the flask was added 50 g of the LMA-coated pigment 
prepared above, which was pulverized into a fine powder 
using a mortar and pestle, followed by 85 ml_ of toluene 
and 16 g of styrene. The reaction mixture was then stirred 
rapidly and the flask purged with argon or nitrogen for 
one hour. During this time the silicon bath was heated to 
50°C. During the purge, 0.4 g of AIBN was dissolved in 10 
ml_ of toluene. At the end of the one hour purge the AIBN/ 
toluene solution was added quickly with a glass pipette. 
The reaction vessel was sealed, heated to 65°C and al- 
lowed to stir overnight. At the end of polymerization, to 
the viscous reaction mixture were added 100 ml_ of ethyl 
acetate and the resultant mixture was allowed to stir for 
another 10 minutes. The mixture was poured into plastic 
bottles and centrifuged for 15-20 minutes at 3600 rpm 
and decanted. Fresh ethyl acetate was added to the cen- 
trifuged pigment, and the resultant mixture was stirred 
with a stainless steel spatula and sonicated for 10 min- 
utes. The pigment was washed twice more with ethyl ac- 
etate following the above procedure. The pigment was al- 
lowed to air dry overnight followed by drying under high 


vacuum for 24 hours. The free polymer in bulk solution 
was precipitated in methanol and dried under vacuum. 
The molecular weight of free polymer in the solution was 
determined by GPC. The polymer bound on the pigment 
was measured byTGA. 
[0098] 4 Co-polymerization of TMSP-coated Shepherd Black 1G 

[0099] a single-neck, 250 ml_ round bottom flask was equipped 
with a magnetic stir bar, reflux condenser and an argon 
inlet and placed in a silicon oil bath. To the flask was 
added 60 g of TMSP-coated copper chromite pigment, 
which was pulverized into a fine powder using a mortar 
and pestle, followed by 1.2 mL of styrene, 57 mL of lauryl 
methacrylate and 60 mL of toluene. The reaction mixture 
was then stirred rapidly and the flask purged with argon 
or nitrogen for one hour and the silicon bath was heated 
to 50°C. During the purge, 0.6 g of AIBN was dissolved or 
partially dissolved in 13 mL of toluene. At the end of the 
one-hour purge the AlBN/toluene solution was added 
quickly with a glass pipette. The reaction vessel was 
sealed, heated to 65°C and allowed to stir overnight. To 
the viscous reaction mixture was added 100 mL of ethyl 
acetate and the resultant mixture was allowed to stir for 
another 10 minutes. The mixture was poured into plastic 


bottles and centrifuged for 15-20 minutes at 3600 rpm 
and decanted. Fresh ethyl acetate was added to the cen- 
trifuged pigment, and the resultant mixture was stirred 
with a stainless steel spatula and sonicated for 10 min- 
utes. The pigment was washed twice more with ethyl ac- 
etate, centrifuged and decanted. The pigment was allowed 
to air dry overnight followed by drying under high vacuum 
for 24 hours. The free polymer in bulk solution was pre- 
cipitated in methanol and dried under vacuum. The 
molecular weight of free polymer in the solution was de- 
termined by GPC. The polymer bound on the pigment was 
measured by TGA. 

[01 00] Preparation of internal phase containing LMA-coated elec- 
trophoretic particles 

[0101] An internal phase was formulated from (a) 85 g of a stock 
solution of the J pigment containing 60 % by weight of 
LMA-coated titania in Isopar C; (b) 42.5 g of a stock solu- 
tion of the D pigment containing 60 % by weight of LMA- 
coated copper chromite in Isopar C; (c) 10.71 g of a stock 
solution containing 10% by weight of Solsperse 17000 in 
Isopar G; (d) 31.03 g of Isopar G; and (e) 0.77 g Span 85 
(a non-ionic surfactant). 

[0102] To a 250 mL plastic bottle were added the J and D stock 


solutions, followed by the addition of the Solsperse 17000 
solution and the Span 85 and finally the remaining sol- 
vent. The resultant internal phase was shaken vigorously 
for approximately 5 minutes and then placed on a roll mill 
overnight (at least 12 hours). 

[01 03] Preparation of internal phase using copolymer -coated white pig- 
ment and LMA-coated black pigment 

[0104] An internal phase was formulated from (a) 40 g of a stock 
solution of a modified J pigment containing 60 % by 
weight of an LMA/TBMA-coated titania (mole ratio 85/15) 
in Isopar G; (b) 20 g of a stock solution of the D pigment 
containing 60 % by weight of LMA-coated copper chromite 
in Isopar G; (c) 5.04 g of a stock solution containing 10% 
by weight of Solsperse 17000 in Isopar G; (d) 14.60 g of 
Isopar G; and (e) 0.36 g Span 85 (a non-ionic surfactant). 

[0105] This internal phase was mixed and stored in the same way 
as the previous internal phase described above. 

[01 06] Preparation of internal phase using LMA-coated white pigment and 
copolymer -coated black pigment 

[0107] An internal phase was formulated from (a) 40 g of a stock 
solution of the same J pigment as in the first internal 
phase, this stock solution containing 60 % by weight of an 
LMA-coated titania in Isopar G; (b) 20 g of a stock solu- 


tion of the D pigment containing 60 % by weight of LMA/ 
St-coated copper chromite (85/15 or 95/5 monomer ra- 
tio) in Isopar G; (c) 5.04 g of a stock solution containing 
10% by weight of Solsperse 17000 in Isopar G; (d) 14.60 g 
of Isopar G; and (e) 0.36 g Span 85 (a non-ionic surfac- 
tant). 

[0108] This internal phase was mixed and stored in the same way 
as the previous internal phases described above. 

[0109] The internal phases thus produced were encapsulated 

separately in gelatin/acacia microcapsules substantially as 
described in Example 4 above. The resulting microcap- 
sules were separated by size and capsules having an aver- 
age particle size of about 35 urn were used in the follow- 
ing experiments. The microcapsules were mixed into a 
slurry with a polyurethane binder and coated by a roll- 
to-roll process at a dry coating weight of 18 g m on to 
the surface of a 7 mil (177 urn) poly(ethylene terephtha- 
late) (PET) film carrying an ITO layer on one surface, the 
microcapsules being deposited on the ITO-covered sur- 
face, substantially as described in Example 4 above. The 
capsule-bearing film was then formed into a front plane 
laminate by laminating it to a layer of a polyurethane lam- 
ination adhesive carried on a release sheet, this lamina- 


tion being effected at 65 psig (0.51 mPa) at a speed of 6 
inches/min (2.5 mm/sec) using a Western Magnum twin 
roll Laminator with both rolls held at 120°C . To provide 
experimental single-pixel displays suitable for use in 
these experiments, pieces of the resultant front plane 
laminate has their release sheets removed and were then 
laminated at 75°C to a 5 cm by 5 cm PET film covered with 
a carbon black layer, which served as the rear electrode of 
the single pixel display. 
[0110] image stability measurements 

[° 111 ] The single pixel displays thus produced were switched us- 
ing a 500 ms square wave pulse at 10 V of alternating 
sign applied to the top plane (ITO layer) relative to the 
grounded rear electrode. A rest length of 2 seconds be- 
tween pulses was used for shakeup switches. Image sta- 
bility was measured by switching the pixel to the appro- 
priate optical state (white or black), grounding the top 
plane, and measuring the optical reflectivity continuously 
for 10 minutes. Optical kickback resulting from remnant 
voltages in the binder and lamination adhesive layers was 
assumed to decay in 5-10 seconds. The difference in op- 
tical state (measured in L* units) between 5 seconds and 
10 minutes was taken to be a measure of the image sta- 


bility. The results shown in Table 3 were obtained on se- 
lected pixels. 
[0112] Table 3 


Pigments 

Sample No. 

Wizte state IS 
(dL*) 

Black state IS 
(dL*) 

J/D 

1 

-6.3 

2.7 

J(TBMA5)/D 

2 

-2.2 

2.1 

J(TBMA15)/D 

3 

-4.2 

1.1 

J/D(St5) 

4 

-4.7 

2.0 

J/D(St15) 

5 

-4.7 

1.6 

J(TBMA5)/D(St15) 

6 

-3.3 

1.7 

J(TMBA15)/D(St5) 

7 

-1.6 

3.0 

J(+St)/D 

8 

-2.2 

0.3 


[0113] The J/D pixel containing the two LMA-coated pigments 
shows relatively good black state stability, but less good 
white state stability (similar displays using carbon black 
instead of copper chromite as the black pigment in the 
suspending fluid show much worse state stability in both 
white and dark states, as shown above). Any of the 
copolymer-coated electrophoretic pigments results in an 
improvement in the image stability relative to the J/D 
sample, either in white state or black state or in both. 
Only in one case is the image stability of a "copolymer- 
coated" pixel less good than the J/D sample 


0(TBMA15)/D(St5)), and here the difference is probably 
within experimental pixel-to-pixel variation. The best 
overall image stability is afforded by the display made 
with white pigment synthesized using the two-stage 
method, with styrene as the second monomer. This dis- 
play has good image stability in the white state, and ex- 
cellent image stability in the black state. 
[0114] Response Time 

[0115] The response times of the electrophoretic displays shown 
in Table 3 were measured by measuring the electro-optic 
response as a function of pulse length at an operating 
voltage of 10 V. A rest length of 2000 ms was used for all 
measurements. The electro-optic response, as measured 
by the difference in L* between the white state and the 
dark state, was found to saturate at a certain pulse length, 
and then decline slightly at longer pulse lengths. The J/D 
pixel (Sample No. 1 in Table 3) and similar pixels contain- 
ing 0.3 and 0.9% by weight high molecular weight poly- 
isobutylene (PIB) were included as examples of displays 
having good image stability. Table 4 shows the pulse 
length at which the electro-optic response achieves 90% 
of its value with a 1 second pulse length, for the displays 
of Table 3. 


[0116] Table 4 


Pigments 

Sample No. 

Time to 90% satura- 
tion (ms) 

J/D (no PIB) 

1 

294 

J(TBMA5)/D 

2 

173 

J(TBMA15)/D 

3 

281 

J/D(St5) 

4 

325 

J/D(St15) 

5 

375 

J(+St)/D 

8 

380 

J/D + 0.9% PIB 

9 

740 

J/D + 0.3% PIB 

10 

575 


[0117] jhe samples containing PIB had response times that were 
substantially longer than those of samples containing 
copolymer-coated pigments. At least 0.3% PIB is required 
to obtain adequate image stability in this system, and 
0.9% PIB is preferred. Thus the use of copolymer-coated 
pigments achieves good image stability with response 
times between 1.5 and 4 times faster than the use of PIB. 

[0118] Thresholds 

[0119] jhe pixel described above using white pigment with 5 

mole % TBMA and black pigment with 15 mole % styrene in 
their polymer shells, in addition to relatively good image 
stability, also displayed a large threshold for operation. 


The threshold is displayed in Figure 3, which shows the 
dynamic range of the pixel as a function of the applied 
voltage for a number of pulse lengths. The dynamic range 
is very small (of the order of 1 L*) for applied voltages less 
than 4-5 volts, independent of the pulse length, but a 
good dynamic range (greater than 30 L*) is exhibited at 
impulses greater than 600 ms and 10 V. 

[0120] Thus, displays made with copolymer-coated copper 

chromite pigment in accordance with the present inven- 
tion can provide good image stability and have a number 
of advantages over inclusion of polymers in the suspend- 
ing fluid, especially in that the use of copolymer-coated 
pigment does not sacrifice response time to achieve good 
image stability. This advantage in response time can be 
used to operating a display at lower voltage. The displays 
reported in Table 4 switch almost to saturation in 300ms 
at 7.5V, and achieve optimal contrast ratio at 10V and 
250-300ms. At 15 volts, switching times of around 
100ms can be achieved. 

[0121] it w j|| De apparent to those skilled in the art that numer- 
ous changes and modifications can be made in the spe- 
cific embodiments of the present invention described 
above without departing from the scope of the invention. 


In particular, although the invention has been described 
above mainly in connection with encapsulated elec- 
trophoretic media having discrete capsules, similar ad- 
vantages can be achieved by the use of copper chromite 
pigments of the present invention in other types of elec- 
trophoretic media, for example unencapsulated elec- 
trophoretic media, polymer-dispersed electrophoretic 
media and microcell electrophoretic media. Accordingly, 
the whole of the foregoing description is to be construed 
in an illustrative and not in a limitative sense. 


